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Abstract
Through surface plasmon polaritons (SPPs) that propagate along the interface between a metal and a
dielectric material, plasmonic waveguides have the ability to confine light at subwavelength scale beyond
the diffraction limit, which opens a promising platform to further downsize the active and passive photonic
devices. The fields of the SPPs have maximum amplitude at the metal/dielectric interface and decay
exponentially toward both media, where the penetration of the fields in the dielectric is very susceptible to
the change in the refractive index of the dielectric. This makes surface plasmon resonance (SPR) a
remarkable technique in sensor applications to investigate the medium near interface by exploiting the
method of attenuated total reflection (ATR) to excite the SPP mode in plasmonic waveguides. In
conventional SPR sensors, the most commonly used is Kretschmann’s configuration. The optical resonance
of the ATR curve in Kretschmann’s configuration has been recognized from the excitation of the SPP mode
supported by a two-layer (metal/dielectric) structure with the effective index of the SPP given by

 d  m ( d +  m ) , where  d and  m are the permittivity of the metal and sensing medium. This has not
been accurately interpreted because the coupling layer prism is not considered. On the other hand,
conventional three-layer Kretschmann configuration based sensors exhibit very broad ATR lineshape
resulting in poor performance of sensitivity. By using multilayer plasmonic waveguide structures, the
sensitivities of SPR based sensors could be significantly enhanced. Thus, it is very important to study the
SPP modes in plasmonic waveguides, which provides an insight into the origin of the optical resonance in
the ATR curve and also facilitates the design of multilayer plasmonic waveguides for ultrasensitive SPR
based sensor applications.
In this thesis, we theoretically study the SPP modes supported by three- and four-layer asymmetric
plasmonic waveguides with taking account of the high-index prism layer. The dispersion equations for
three- and four-layer plasmonic waveguides are derived, which are used to characterize the SPP modes,
supported by three-layer symmetric and asymmetric, and four-layer asymmetric plasmonic waveguides.
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With the derived dispersion equations, we have analyzed the modal index and the propagation length for
different plasmonic waveguides. The profiles of the electric and magnetic fields have been visualized by
using COMSOL Multiphysics software. To explore the origin of the optical resonance in SPR sensors
associated with the SPP mode excited in plasmonic waveguides, the ATR spectra of asymmetric three-layer
Kretschmann configuration, and asymmetric four-layer plasmonic waveguides are investigated. Our results
show that there are optimum thicknesses for the metal and the dielectric layer with the strongest optical
resonance in ATR curves, which could be determined from the analysis of the SPP modes.
We also propose an ultrasensitive SPR sensor based on a multilayer plasmonic structure to generate
Fano resonance in near-infrared, where the transparent conductive oxide - Cadmium Oxide (CdO) serves
as a plasmonic material. It is formed by a six-layer prism/Teflon/CdO/Teflon/Si/analyte slab waveguide.
A sharp asymmetric Fano resonance lineshape is successfully achieved from the mode coupling between
the dielectric waveguide (DWG) mode supported by Teflon/Si/Analyte and the long-range SPP (LRSPP)
mode supported by prism/Teflon/CdO/Teflon. The shape of the Fano resonance could be engineered by
adjusting the structural parameters of the inner layers to enhance the intensity sensitivity. With optimized
structural parameters, our proposed design can achieve a maximum intensity sensitivity of 19,904 RIU-1,
which is 129-fold enhancement than that in conventional long-range SPR based scheme. The proposed
highly sensitive CdO-based plasmonic sensor shall be useful for sensing applications that operate in the
near-infrared region.
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Chapter 1 Introduction
Since the 20th century, humanity has seen astonishing advancements in technology from giant
airplanes in the skies to integrated chips as small as a button in computers. In this era of ever-evolving
technology, static devices such as desktops and desk phones are continually being replaced by a more
portable miniature version of the device that can easily be transported from one location to another. Hence,
the ongoing trend towards miniaturization has gained significant attention in the past few decades.
However, modern electronic chips that make up the hardware foundation of those miniature devices are
fast approaching its fundamental speed and bandwidth limitation. For instance, as the components on the
chip-scale electronics are being reduced to nano-size, so is the size of metal wire interconnection in the
circuitry. This leads to an RC-delay, that limits the operational speed of the circuit. Also, the heat generated
in current integrated circuits can quickly melt the electronic chip if the chip size is reduced too much [1,2].
One of the most promising solutions is believed to be in switching the metal wire interconnection
in the circuitry with the optical interconnections that carry electronic signals by light. It has shown
significantly higher operational speed compared to the metal wire but fails to scale-down to nano-size. This
problem is a consequence of the diffraction limit of light in dielectric media [3,4]. Numerous research
efforts are being undertaken to overcome the diffraction limit in optical waveguides. Some researchers have
explored waveguides structures based on photonic crystals [5,6], high-index-contrast wires [7,8], and
plasmonic waveguides [9-12]. One of the most feasible ways observed to overcome the diffraction limit is
the use of materials with negative dielectric permittivity in the plasmonic waveguides. The most readily
material available are noble metals such as gold, silver, and aluminum with complex negative dielectric
permittivity that are known to guide the surface plasmon polaritons (SPPs) at the metal/dielectric interface
with dimensions at the nanometer scale beyond the diffraction limit. Attributed to the unique features of
spatial confinement and strong enhancement of the electromagnetic field of SPPs, not only plasmonic
waveguides have been exploited to construct next-generation integrate nanophotonic circuits, but also
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plasmonic waveguide structures have been explored to serve as a platform used in optical sensing
technology, in particular for optical refractive index sensing. An excellent example of optical sensing
applications are optical biosensors. In general, biosensors have revolutionized the field of medicine and
biotechnology through the detection of the change in a complex biological solution. They play a crucial
role in accurately detecting and diagnosing various types of diseases. Biosensors can be classified into
different groups depending on the process of signal transduction: electrochemical, magnetic, optical,
piezoelectric, and thermometric. Among these groups, the most commonly used are optical biosensors
which have experienced exponential growth over the last decade [13]. They present huge advantages over
conventional analytical techniques for their high specificity, compact size, ultra-sensitivity, and costeffectiveness [14]. Conventional surface plasmon resonance (SPR) based optical sensors employ threelayer Kretschmann and Otto configurations which have relatively low sensitivity. The sensitivity could be
improved by using a four-layer plasmonic structure which supports a long-range SPP mode (LRSPP) to
give rise to long-range SPR (LRSPR). It has been described that the optical resonance of the SPR spectrum
in conventional three-layer SPR sensors is originated from the excitation of the SPP mode supported by the
two-layer structure. The presence of the high-index prism has been ignored in interpreting the origin of the
optical resonance of the SPR spectrum. Consequently, there is a lack of studies on the optimization of the
thickness of the inner layers for these waveguides in terms of the sensing performance. Therefore, it is
essential to thoroughly investigate the plasmonic modes supported by three- and four-layer asymmetric
plasmonic waveguide structures. To further enhance the sensitivity of the SPR-based sensors, multilayer
(e.g., five- or six-layer) plasmonic slab waveguide structures could be employed to create Fano resonance
with sharp asymmetric lineshapes. SPR-based sensors that use noble metals are mainly operated in
wavelengths visible wavelength range. On the other hand, there are increased interests in emerging SPRbased sensors that operate in infrared, where noble metals are not a suitable choice due to their relatively
high intrinsic loss in infrared. Thus, scientists and engineers are seeking out other materials such as
semiconductors and transparent conducting oxides (TCOs) to expand the spectral coverage [3]. In this
thesis, we present a highly sensitive SPR sensor based on Fano resonance in near-infrared.
2

This thesis consists of five chapters. Chapter 2 introduces the theoretical background, including
dielectric constant of metals, the dispersion relation of SPPs guided in a two-layer plasmonic waveguide.
Chapter 3 carries out an in-depth theoretical analysis of the SPP mode supported by plasmonic slab
waveguides. It starts with three-layer symmetric plasmonic waveguides, and then focuses on asymmetric
three- and four-layer plasmonic waveguides, and their applications in optical sensors, where the correlations
of the optical resonance dip of the SPR spectrum with the SPP modes supported by three- and four-layer
asymmetric structures are confirmed, and the optimizations of the thickness for metal and the dielectric
layer are presented.
In chapter 4, a highly sensitive Fano resonance-based SPR sensor in near-infrared with using TCO
cadmium oxide (CdO) to support plasmonic modes is proposed, where the design method and in-depth
performance analysis of the sensor are presented. Chapter 5 summarize the research work presented in this
thesis, and the potential area of future research is discussed.
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Chapter 2 Fundamentals of Plasmonics
Plasmonics is an emerging field that enables to confine light in scales smaller than its wavelength
beyond the diffraction limit by exploiting the coupling of light to free electrons at the surface of a metal
and generating density waves of electrons, called a plasmon. Due to the nature of the plasmon, electrons
and photons can coexist on the metal interface under certain conditions to create a new quasiparticle called
plasmon polariton [1-2]. However, the concept of plasmon polariton is not new as it was utilized by ancient
civilizations before humankind fully understood the physics behind it. One of the oldest existing artifacts
that use plasmon polariton to its advantage is the Lycurgus cup from Byzantine Empire dating back to the
4th century, which is now a part of the collection displayed in the British Museum (Fig. 2.1). At the time, it
was unknown as to why the Lycurgus cup looks red and purple when lit from inside but looks green in
normal external lighting. This phenomenon was a mystery for many years until the late 1990s that scientists
were able to make a breakthrough with the help of advanced technology. They examined the chemical
composition of the Lycurgus cup. It was found that the glass composition contained nanoparticles, 66.2%
of silver, 31.2% of gold, and 2.6% of copper dispersed in the glass matrix. Thus, the red hue observed was
due to the absorption of light by the gold particles, and the purple shade was the absorption of light by the
silver particles. The green hue was the result of the light scattering by colloidal dispersion of silver particles
that were less than 40nm in size [3-4] — making the Lycurgus cup one of the first known objects that
exhibit light-metal interaction. In addition, approximately ninety years before the Lycurgus cup's
composition was described, the early studies of plasmons conducted in science laboratory were by Prof.
Robert W. Wood in 1902 [5]. He discovered unexplained behaviour that on many diffraction gratings
narrow spectral region showed a sharp change of energy diffracted as incident light was directed from
different angles of incidence. He was unable to provide an interpretation of this behaviour due to limited
lab equipment available at that time. Not until the 1950s, the term "plasmon" was coined by Pines to
describe high-frequency collective oscillations in metals. He emphasized in his work that these collective
oscillations in metal have the same properties as the oscillations of electrons density in gaseous plasma,
5

known as Langmuir wave. However, the electron density in metal is much higher than the gaseous plasma
[6-8].

Fig. 2.1. The 4th century Lycurgus Cup illuminated under normal external lighting (left) and internal
lighting (right).
Since then, various incredible properties of plasmon are continuously being investigated, such as the ability
to overcome the diffraction limit, localizing light at the interface of the metal surface and dielectric in
nanostructures. These studies have led researchers and engineers to develop applications for fields like
colour engineering, renewable energy, and biomedicine. Even though the optical properties of plasmons
are studied in nanoscale, most of the plasmon's properties can be easily derived from Maxwell's equations
without resorting to quantum mechanics since it is the quantization of classical plasma oscillations [9].

2.1 Maxwell's Equations
Maxwell's equations are a set of four complex equations that serves as a gateway to mathematically
understand the world of electromagnetics. These four equations are represented in one of two forms,
differential or integral. Both forms of equations describe how electric and magnetic field propagate, interact,
and how objects influence these fields. We will be using the differential form in this chapter. Light is an
electromagnetic wave, and in a vacuum the electromagnetic waves can be represented in terms of the
6

electric field E and magnetic induction B vector. The interaction of these fields with matter can be
demonstrated by the well-known Maxwell's equations in a medium [10-11], also known as Gauss's Law for
electric fields, Gauss's Law for magnetic fields, Faraday's Law, and Ampere's law with Maxwell's addition,
are given by:

  D =  ext

(2.1)

B = 0

(2.2)

 E = −

B
t

  H = J ext +

(2.3)

D
t

(2.4)

where D , B , E , and H represent the four macroscopic fields: the electric displacement, the magnetic
induction, , the electric and the magnetic field intensities.  ext , J ext , and

D
represents the external charge
t

density, external current density, and the displacement current density, respectively. For our study, the
media are limited to linear, isotropic, and nonmagnetic. Thus, the three constitutive relations in a continuous
medium can be written as:

D =  0 E

(2.5)

B = 0  H

(2.6)

J =E

(2.7)
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where  0 = 8.854 10−12 F / m (electric permittivity in free space), 0 = 1.257 10−6 H / m (magnetic
permeability in free space),  = 1 (the relative permeability) for nonmagnetic media,  represents the
conductivity and  is called the relative permittivity or dielectric constant [9,12].

2.2

Dielectric Constant of Metals
The frequency dependence of the optical properties of metals could be described by the Drude

model or plasma model, where valence electrons in metals are considered as free-electron gas with density
n moving against fixed positive ion cores. When an external electromagnetic field E exerts on the electrons,
electrons oscillate damply due to the collision effect, described by the characteristic frequency  = 1/  ,
where

 is known as the relaxation time of the free electron gas. Hence, the equation of motion for an

electron in metals can be written as:

mx + m x = −eE ,

(2.8)

where m is effective optical mass of each electron, with taking account of some aspects of the band structure
as the lattice potential and the interaction of electron-electron are not considered. By substituting the timeharmonic electric field E = Eo e − jt and the time-harmonic dependent solution x(t ) = xo e − jt into Eq. (2.8),
the response of the electron oscillations to the external electric field can be expressed as:

x(t ) =

e
E .
m( + j )
2

(2.9)

By incorporating the impact of the displaced electron on the macroscopic polarization P = −nex(t ) , we
can obtain:

P=−

ne 2
E.
m( 2 + j )

With help of Eq (2.10), the electric displacement field, given by D =  0 E + P , can be written as:
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(2.10)



 p2
D =  0 1 − 2
E.
 ( + j ) 



where  p = e

(2.11)

n
is the plasma frequency of the free electron gas. Thus, the frequency dependence of
 0m

the dielectric function of metals is obtained:

 ( ) = 1 −

 p2
 2 + j

.

(2.12a)

Obviously, the dielectric constant of metals is dependent on the frequency range, the plasma frequency and
the collision frequency. Eq. (2.12a) can be written in real and imaginary part:





 ( ) = 1 −

 p2


 p2 
+
j

 2 +  2 
 ( 2 +  2 )

(2.12b)

Considering the collision frequency on the order of 1014 Hz and the plasma frequency of typical metals in
the ultra-violet, at visible wavelength range (i.e.,    p ), the real part of the permittivity of noble metals
is negative.

2.3

Dispersion Equation of Surface Plasmon Polaritons
An important extension of the plasmon physics is the concept of Surface Plasmon Polariton (SPP).

SPPs are a collective excitation of electrons at the interface of a material with a positive dielectric constant
and a negative dielectric constant (for example, a metal or a transparent conductive oxide). SPPs, tightly
bounded to the interface, propagate along the surface and decay exponentially transverse to its interface
(See Fig. 2.2).
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Fig. 2.2. Propagating surface waves at the dielectric/metal interface.
To investigate the physical properties of SPPs, as shown in Fig. 2.2, we apply Maxwell's equations to the
dielectric and the metal regime. In the absence of the external current density, taking the curl of Eq. (2.3)
and combining with Eq. (2.4), yields:

    E = − 0

2 D
.
t 2

(2.13)

It is assumed that the medium is nonmagnetic and homogenous. By using vector calculus identity

    E = (  E ) −  2 E , and in the absence of charge density, the wave equation of the electric field
in a medium can be written as:

 2 E = 0  0 

2 E
t 2

(2.14)

For time-harmonic fields, Eq. (2.14) can be simplified to the Helmholtz equation:

 2 E − k02  E = 0
where k0 =


c

=

2



(2.15)

is the wave vector of the propagation wave in a vacuum. Similarly, we can find the

Helmholtz equation in terms of the magnetic field.

 2 H − k02  H = 0
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(2.16)

Assuming the wave propagates in z-direction. The amplitude of the electric and magnetic phasor fields can
be represented as:

E ( x, y , z ) = E ( y )e i  z

(2.17)

H ( x, y , z ) = H ( y ) e i  z

(2.18)

where  represents the propagation constant in the z-direction. By substituting Eqs. (2.17)-(2.18) into
Eqs. (2.15)- (2.16), the wave equations for the electric and magnetic field can be recast as:

2 E
− (  2 − k02  ) E = 0
2
y

(2.19)

2 H
− (  2 − k02  ) H = 0 .
2
y

(2.20)

The wave equation Eq. (2.19) or Eq. (2.20) can be applied to different medium, i.e., dielectric, and metal to
obtain the dispersion relation of the SPPs guided mode supported in a two-layer dielectric/metal waveguide
(as shown in Fig. 2.2) for different polarizations, i.e., transverse-electric (TE) and transverse-magnetic (TM)
polarizations. For TE polarization, Ez = 0 while for TM polarization, H z = 0 . Curling the relations in Eq.
(2.3) and (2.4) yields six components of the electric and magnetic field in the x-, y-, and z- direction. By
substituting



= −i for harmonic time dependence,
= i  for propagation in the z-direction, and
t
z


= 0 for no dependency in the x-direction into the six component fields, one could obtain that for TE
x
modes, three non-zero components are Ex, Hy, and Hz, while for TM modes, three non-zero components are
Hx, Ey, and Ez.
Now, let's discuss the solution for TE polarization first. The general solution of the wave equation Eq.
(2.19) in the dielectric and metal regimes can be expressed as:
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 Ae− kd y
Ex ( y ) =  k y
m
 Be

y0
y0

(2.21)

with

ki =

(

2

− k0 2  i )

(i = d , m)

(2.22)

where kd and km are the wavenumbers in the dielectric and metal, respectively. The magnetic field
components could be obtained by using the relations of H y =

 − k1 y

− A  e

0
H y ( y) = 
 − B  e k2 y

0
k d − kd y

−iA  e

0
H z ( y) = 
 iB km e km y
 0

j Ex

as follows:
Ex , and H z =
0 y
0

y0
(2.23)

y0

y0
(2.24)

y0

The dispersion equation of SPP modes can be found by applying the boundary conditions at the interface,
i.e, the tangent components of the electric and magnetic fields Ex (in Eq. 2.21) and Hz (in Eq. 2.24) must
be continuous at y = 0, which leads to the following set of equations:

A = B

 Akd + Bkm = 0

(2.25)

As kd and km have different values, the only solution to Eq. (2.25) is A = B = 0 . This concludes that SPP
modes do not support TE polarization.
Next, let's discuss TM polarization. The general solution to the wave equation Eq. (2.20) for dielectric and
metal regimes can be expressed as:
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 Ae− kd y
H x ( y) =  k y
m
 Be

y0

(2.26)

y0

The electric field components could be obtained by using the relations of E y = −

Ez =


H , and
 0  x

H x
as follows:
j 0  y
1



− kd y
 A   e

0 d
E y ( y) = 
 B  e km y
  0  m
kd

− kd x
−iA   e

0 d
Ez ( y ) = 
 iB km e km x
  0  m

y0
(2.27)

y0

y0
(2.28)

y0

The dispersion equation of SPP modes can be found by applying the boundary conditions at the interface,
i.e, the tangent components of the electric and magnetic fields Hx (in Eq. 2.26) and Ez (in Eq. 2.28) must
be continuous at y = 0, which leads to the following set of equations:

A = B

km
 kd
− A  + B  = 0
d
m


(2.29)

The solution to Eq. (2.29) for TM polarization is

kd

d

=−

km

m

.

(2.30)

From the solution of the fields in Eqs. (2.26)-(2.28), one can see that to secure decaying fields in the metal
and dielectric regimes, kd and km have to be positive, which could hold, given the factor that for noble metals
in visible range the real part of the permittivity m is negative. Moreover, the negative sign in Eq. (2.30)
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requires the opposite sign of the permittivity of the metal and dielectric, which makes noble metals an
excellent material for guiding SPPs along plasmonic waveguides.
By using the definition given in Eq. (2.22) for kd and km, Eq. (2.30) can be simplified as:

 = k0

dm
.
d + m

(2.31)

Thus, given the permittivity of the dielectric and metals, one can easily find the propagation constant  of
the SPP mode supported at the interface of a two-layer dielectric/metal waveguide, which is wavelength
dependent. The effective refractive index of the SPP mode is defined as:

neff =

dm
,
d + m

(2.32)

which is a complex number. The real part of the effective refractive index is the modal index while the
imaginary part of that reflects the propagation attenuation of the mode due to the nature of Ohmic loss in
the metal. The propagation length, defined as the distance where wave propagating power drops by 1/e of
its initial magnitude, can be calculated from the imaginary part of the effective refractive index, which can
be expressed as:

L=

1

=
2k0 Im(neff ) 4 Im( neff )
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(2.33)

Fig. 2.3. (a) The electric field distribution of the SPP mode supported in Ge/Ag waveguide, and (b)
corresponding surface plot for electric field for λ = 1550nm.

As an example, let's consider a dielectric/metal planar slab waveguide built with Germanium (Ge) and
Silver (Ag). At the operating wavelength of 1550 nm, the refractive index of Ge is 4.275, and the
permittivity of Ag is [-129+3.3i] [12]. From Eqs. (2.32)-(2.33), the calculated effective refractive index is

4.6141 + 0.00097i and the propagation length is 12.67 m. Fig. 2.3 displays the electric field
distribution of the SPP mode. As expected, the field amplitudes reach maximum at the interface and decay
exponentially to both sides. At the interface, the electric field in Ge is significantly enhanced compared
with that in Ag. This is because of the continuity of the electric displacement at the interface. The normal
component of the electric field in Ge can be increased by a factor of

2.4

 Ag

 Ge = 7.06 , as shown in Fig. 2.3.

Conclusion

In this chapter, important equations such as equation for the dielectric constant of metals using plasma
model, dispersion equation for a two-layer waveguide using Maxwell’s equations, and optical
characteristics of the plasmonic waveguide are mathematically derived. Also, we present a justification as
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to why TM polarization is supported, and TE polarization is not supported in plasmonic waveguides (see
Section 2.3). The purpose of this chapter was to present a brief background to assist in explaining the
theoretical analysis for multilayer waveguides in the next chapter.
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Chapter 3 Theoretical Analysis of Plasmonic Modes in
Plasmonic Slab Waveguides
3.1

Introduction

Beyond the diffraction limit, plasmonic waveguides that enable to convert light into surface plasmon
polaritons (SPPs) at the nanoscale have attracted considerable attention due to their great potential
applications in ultra-compact active and passive nanophotonic devices [1-4]. SPPs are electromagnetic waves
that propagate at the metal/dielectric surface. The research on SPPs is also of great significance for their
practical applications in various fields, for example, in surface-enhanced Raman spectroscopy (SERS) [5-7]
for single-molecule detection due to the enhanced electric field of the SPPs at the vicinity of the metal rough
nanostructure surfaces, in surface plasmon resonance (SPR) technique [8-9] for biomedical and biochemical
sensing applications, because of the strong evanescent field which allows to monitor the slight change of the
refractive index in the surrounding medium. Recently, there have been studies on the novel design of
plasmonic waveguides with different structures [10-13] for improving modal confinement and the
propagation length of the plasmonic waveguide for photonic applications, most of which are symmetric
structures. In this chapter, we mainly focus our study on the plasmonic modes in asymmetric structures,
including three-layer and four-layer asymmetric slab waveguides for SPR based sensing applications.
The fundamental principle of the SPR is based on the excitation of the SPP mode by coupling from the
incident light to a plasmonic structure when a phase-matching condition is satisfied. An attenuated total
reflection (ATR) method is widely adopted for the excitation of the SPP mode through a high-index prism,
where the ATR spectrum of the SPR can be monitored by varying the incident angle of light for fixed
wavelength of the incident light. For Kretschmann and Otto Configurations, it has been conventionally
interpreted that the SPP mode is supported by the interface of a metal and sensing medium, where the coupling
prism is not considered [14-20]. To explore the origin of the observed ATR reflection dip associated with the
plasmonic resonance [21], the eigenwave analysis for a three-layer system [22-24] have been investigated.
Brissinger et al. [23] studied Kretschmann configuration by presenting four solutions of the eigenmodes, from
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which an unguided plasmonic mode is identified as the resonant mode, and there is a deviation between the
SPP resonances and the ATR reflection dip. More recently, Akimov’s work [24] presented a revised
resonance theory for Kretschmann and Otto configurations. The question about the origin of the optical
resonance related to SPP resonance remains challenging. Thus, it is very important to investigate the SPP
modes supported in asymmetric plasmonic waveguides and their correlation to the optical resonance dip of
the ATR spectrum.
In this chapter, we theoretically study the plasmonic modes supported by 3-layer and 4-layer
plasmonic slab waveguides. The general dispersion relation for 3-layer asymmetric configuration is derived,
which is employed to characterize the mode supported in symmetric dielectric/metal/dielectric (DMD) and
metal/dielectric/metal (MDM) plasmonic waveguides. With the obtained dispersion equation, we analyzed
the SPP mode supported in asymmetric Kretschmann configuration in the form of prism/metal/analyte
structure. There exists an optimum metal thickness for having the strongest resonance dip, which could be
used to interpret the formation of the optical resonance in ATR spectrum for applications in conventional
SPR sensors. Furthermore, we derived the dispersion relation for 4-layer asymmetric plasmonic slab
waveguides in the form of prism/dielectric/metal/analyte structure, which enables to support long-range
SPP modes. The field distribution of the SPP mode, and the influence of the thickness of the inner layers
(dielectric coupling layer and the metal film) on the modal effective refractive index are investigated. Our
numerical results show that for fixed dielectric thickness, the metal thickness has an optimum value, where
the strongest resonance dip occurs at the ATR curve. From the mode analysis, when increasing the thickness
of the coupling layer, the optimum metal thickness decreases, and the modal index decreases, which agree
with the results from the ATR curve with the incident angle of the resonance dip shifted to the left along
with decreased linewidth. Our results indicate that the optical resonance in SPR-based sensors originates
from the excitation of the SPP mode that is supported in multilayer asymmetric plasmonic slab waveguides
with taking account of the presence of the coupling prism.

3.2

Symmetric 3-Layer Plasmonic Slab Waveguides
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3.2.1 Basic Principle
There are two configurations for symmetric slab waveguide: DMD and MDM structures that are known to
support SPP modes at the metal-dielectric interface. Fig. 3.1(a) illustrates a DMD configuration where two
dielectric materials with dielectric permittivity εd1 and εd2 surround a thin metal film with a width d and
permittivity εm. Fig. 3.1(b) shows a MDM configuration where two metals with permittivity εm1 and εm2
surround a thin dielectric film with a width d and permittivity εd. For the two geometries, the width of the
layers increases in the x-direction, where zero-point starts from the beginning of the second layer. The length
of layers in the y-direction is set to infinity. The SPP modes that form at the dielectric-metal interface
propagate along in the z-direction. The wave equation is solved for each region of the waveguide to
characterize the SPP modes.

Fig. 3.1. (a) The geometry of DMD structure, and (b) the geometry of MDM structure.
As discussed in the previous chapter, the SPP mode only supports TM polarization. Thus, the non-zero
components for the three-layer plasmonic system are Hy, Ex, and Ez. The wave equation for the magnetic field
applied to each region is defined by:

2 H y
y

2

− (  2 − k02 i ) H y = 0

(3.1)

where β is the propagation constant of the SPP mode, k0 = 2   is the wavenumber in a vacuum, i = d1, d2,
and m refer to the three regions for the DMD configuration, and i = m1, m2, and d refer to the three regions
for the MDM configuration. The general solution of the wave equation has the form H y e
magnetic field Hy can be written in the following form for DMD structures:
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i z

, where the

H y = e kd 1 x

( x  0)

H y = A * cosh(km x) + B *

kd 1 m
sinh(km x)
km  d 1

(3.2a)

(0  x  d )

(3.2b)

(x  d)

(3.2c)



k 
H y =  A * cosh(km x) + B * d 1 m sinh(km x)  e − kd 2 ( x −d )
km  d 1



where the wavenumber for each layer is expressed by

ki =

(

2

− k0 2 i )

(3.3)

where the coefficients A and B are constant. By using the following relations:

Ex =

Ez =


H
 0  i y
i

H y

 0  i x

(3.4)

,

(3.5)

we could obtain the electric field components in x- and z- direction:

Ex =


ek
 0 d 1

Ex =


kd 1 m
 
sinh(km x) 
 A  cosh(km x) + B 
 0 m 
km  d 1


Ex =


 0 d 2

Ez =

ikd 1
e kd 1 x
( 0  d 1 )

( x  0)

(3.7a)

Ez =



kd 1 m
cosh(km x) 
 A  sinh(km x) + B 
( 0 m ) 
km  d 1


(0  x  d )

(3.7b)

d 1x



kd 1 m
sinh(km x)  e − kd 2 ( x −d )
 A  cosh(km x) + B 
km  d 1



ikm
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( x  0)

(3.6a)

(0  x  d )

(3.6b)

(x  d )

(3.6c)

Ez = −



kd 1 m
sinh(km x)  e − kd 2 ( x −d ) ( x  d )
 A  cosh(km x) + B 
( 0 d 2 ) 
km  d 1

ikd 2

(3.7c)

By ensuring that the tangential components of the magnetic field (Hy) and electric field (Ez) are continuous
at the two interior interfaces, the dispersion equation for a three-layer plasmonic structure could be obtained:

tanh(km d ) = − tanh( x + y )

(3.8a)

where

tanh x =

 d 1k m
 k
, and tanh y = d 2 m .
kd 1 m
kd 2  m

(3.8b)

When the thickness of the metal film approaches infinity, Eq. (3.8) reduces to two equations:

kd 1 m = −km  d 1

(3.9a)

kd 2  m = −km  d 2 .

(3.9b)

By substituting Eq. (3.3) into Eq. (3.9), the propagation constants along the interface of dielectric1/metal, and
metal/dielectric2 could be obtained:

 d 1,m = k0

 d 1 m
 d1 +  m

(3.10a)

 m , d 2 = k0

 d 2 m
.
d2 + m

(3.10b)

In the case of symmetrical waveguides, where  d 1 =  d 2 =  d and kd 1 = kd 2 = kd , the dispersion relation in
Eq. (3.8) splits into two pairs:

tanh(

km d
k 
)=− d m
2
 d km

(3.11a)

tanh(

km d
 k
)=− d m
2
kd  m

(3.11b)

which represents the dispersion equations for conventional 3-layer symmetric plasmonic waveguides that
could support two modes. Equations (3.11a) and (3.11b) respectively describe even mode and odd mode,
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which are also known as symmetrical long-range surface plasmon polariton (LRSPP) mode and antisymmetrical short-range surface plasmon polariton (SRSPP) mode. When considering the metal thickness at
infinity, the dispersion equation in Eq. (3.11a) and Eq. (3.11b) reduce to the same equation kd  m = −km  d ,
giving rise to the same propagation constant:

 m , d = k0

dm
,
d + m

(3.12)

which agrees with the result for the basic 2-layer metal and dielectric structure, as described in Chapter 2.
In a similar fashion, the general dispersion relation for a MDM configuration can be written as:

tanh(kd d ) = − tanh( x + y )

(3.13a)

where

tanh x =

 m1kd
 k
, and tanh y = m 2 d .
km1 d
km 2  d

(3.13b)

For a symmetric MDM waveguide where  m1 =  m 2 =  m and km1 = km 2 = km , Eq. (3.13) turns into two
dispersion equations:

kd d
k 
)=− m d
2
 m kd

(3.14a)

kd d
 k
)=− m d ,
2
km  d

(3.14b)

tanh(

tanh(

which can be used to characterize LRSPP even modes and SRSPP odd modes guided in three-layer symmetric
MDM plasmonic waveguides.

3.2.2 Numerical Analysis for DMD waveguides
To characterize the guided SPP modes of the symmetric DMD plasmonic waveguides, we solved the
dispersion equation Eq. (3.11) numerically to obtain the effective refractive index of the SPP modes. Silver
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(Ag) and magnesium fluoride (MgF 2) are used for metal and dielectric in Fig. 3.1(a), and their permittivities
are -17.926 +0.68014i and 1.896 for an operating wavelength of 633nm, respectively.
(a)

(b)

Fig. 3.2. (a) The real part and (b) the imaginary part of the effective refractive index versus Ag thickness.
Figure 3.2 plots the real and imaginary part of the effective refractive index as a function of Ag thickness
for the 3-layer MgF2/Ag/MgF2 structure. The curves in red and blue color represent the SRSPP and LRSPP
mode, respectively, which behaves completely different at small Ag thickness, but they merge at large Ag
thickness. It can be seen from Fig. 3.2(a) that with increasing Ag thickness, the modal index of the LRSPP
mode slightly increases while that of the SRSPP mode significantly decreases. The curves of the LRSPP and
SRSPP mode start merging at the effective refractive index of 1.4563 when Ag thickness approaches to 140
nm, which is known as the cutoff metal thickness. The LRSPP and SRSPP modes result from the mode
coupling between the modes supported at the MgF2/Ag and Ag/MgF2 waveguides. The smaller the metal
thickness, the stronger the coupling strength of the two modes. When the metal thickness is beyond the cutoff
thickness, due to the weak coupling strength, the MgF 2/Ag/MgF2 waveguide could no longer support them.
The three-layer waveguide behaves like two independent two-layer Ag/MgF2 waveguides, whose modal
index can be obtained from Eq. (3.12) to be 1.4560+0.0033i, which agrees with the numerical result above.
Figure 3.2(b) shows the imaginary part of the effective refractive indices of the LRSPP mode and SRSPP
mode. The behavior of the two curves in Fig. 3.2(b) looks very similar to that in Fig. 3.2(a) for the two
different types of modes. At very small thickness, the value is close to zero for the LRSPP mode while it
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reaches a maximum for the SRSPP mode, which means the SRSPP mode has very high propagation loss. The
imaginary part of the modal index is related to the propagation distance L of the guided mode, which is given
by:

L=


4 Im( neff )

.

(3.15)

Fig. 3.3. The propagation length for two DMD waveguide modes at λ=633nm.
Figure 3.3 represents the propagation length of the MgF2/Ag/MgF2 waveguide as the thickness of Ag is
increased from 0 to 200nm. With increasing Ag thickness, the propagation length of the LRSPP mode
increases while that of the SRSPP mode decreases. It is very obvious that at small Ag thickness, the
propagation length of the LRSPP mode is significantly larger than that of the SRSPP mode, as indicated in
their names: long-range and short-range. Due to the advantage of relatively high propagation length, the
LRSPP mode is usually considered for potential applications in plasmonic devices and sensing technology.
Due to the same reason, only the LRSPP mode will be discussed.
Figure 3.4 illustrates the magnetic field Hy profile of the LRSPP mode for different Ag thickness (d =
50, 75, 100 nm) by using COMSOL Multiphysics software. The field reaches a maximum at the interface of
Ag/ MgF2 and exponentially decays toward the MgF2 regime. At the center position of the metal film, the
magnetic field reaches a minimum. With increasing Ag thickness, the field at the center decreases, and the
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mode confinement is obviously improved. Fig. 3.5 shows the electric field and its surface plot of the LRSPP
mode with fixed d at 100 nm. The electric field is highly concentrated at both MgF2/Ag interfaces, and decays
in the two dielectric materials, with a negligible field in the metal.

Fig. 3.4. Transverse magnetic field distribution for MgF2/Ag/MgF2 waveguide at d = 50, 75, and 100 nm for
λ = 633nm.
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Fig. 3.5. (a) Electric field profile in x-direction for MgF2/Ag/MgF2 waveguide at d = 100 nm and (b)
corresponding surface plot for electric field for λ = 633nm.

(a)

(b)

Fig. 3.6. (a) Change in mode index and (b) propagation length for LRSPP modes for [MgF2/Ag/MgF2]
waveguide caused by the increase in wavelength.
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We further investigate the influence of the operating wavelength. Fig. 3.6 displays the change in modal index
and propagation length with increasing the metal thickness for different operating wavelengths. A sharp
increase occurs in the modal index respective to the metal thickness for smaller wavelengths compared to that
for higher wavelengths, while the propagation length is favorable for higher wavelengths.

3.2.3 Numerical Analysis for MDM waveguides
In this section, we investigate the optical characteristics of the guided mode in a symmetric MDM plasmonic
waveguide that is formed by a thin dielectric layer sandwiched by metal layers, as shown in Fig. 3.1(b). The
same materials Ag and MgF2 are used to form a three-layer Ag/MgF2/Ag structure with operating wavelength
λ = 0.633 μm. Figs. 3.7(a) and 3.7(b) illustrate the variation of the modal index and the propagation length of
the LRSPP mode for the MDM structure with increasing MgF2 thickness of the center layer from 5 nm to 600
nm. With increasing the thickness of the dielectric MgF 2 layer, the modal index decreases, while the
propagation length is enhanced. The modal index changes dramatically for a small thickness (< 20 nm), while
for a large thickness, the modal index gradually decreases. Further increasing the MgF2 thickness, the modal
index approached its asymptote value, i.e., the model index of 1.456 for a single interface Ag/MgF2 structure
given in Eq. (3.12), as shown in the dashed line in Fig. 3.7(a).

Fig. 3.7. (a) Modal index and (b) propagation length of the LRSPP mode for Ag/MgF2/Ag waveguide as a
function of the thickness of the MgF2 layer.
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The magnetic field profile, the electric field profile and its corresponding surface plots of the LRSPP
mode are displayed in Fig. 3.8(a)-(c) and Fig. 3.9(a)-(c), for fixed d at 50 nm and 400 nm, respectively. The
fields are mainly confined in the center dielectric layer. For small MgF2 thickness (see Fig. 3.8), the fields at
the center of the metal are very strong while they heavily decrease for large MgF2 thickness (see Fig. 3.9) due
to the weak strength of the mode coupling from the two interfaces.
One can also see from Fig. 3.8(a) and Fig. 3.9(a) that the field slowly decays toward the outer Ag layers
for small thickness while it decays much faster for large thickness. This indicates for MDM waveguides, the
attenuation is severe at the small dielectric thickness, and much relieved at the large thickness, as reflected in
Fig. 3.7(b) that the propagation length increases with MgF2 thickness. By comparing MDM waveguides with
DMD waveguides (in Section 3.2.2), the propagation length of DMD waveguides is much higher than that of
MDM waveguides; however, the confinement of the fields of DMD waveguides is much degraded than that
of MDM waveguides, as can be seen in the surface plots of the electric fields. To simultaneously improve in
both propagation length and the confinement, hybrid plasmonic waveguides [10,13] could be employed,
which will not be covered in this thesis.
(a)

(c)

(b)

Fig. 3.8. (a) Transverse magnetic field distribution, (b) electrical field distribution and (c) corresponding
surface plot for Ag/MgF2/Ag waveguide at thickness of the dielectric layer d = 50 nm for λ = 633nm.
28

(a)

(b)

(c)

Fig. 3.9. (a) Transverse magnetic field distribution, (b) electrical field distribution, and (c) corresponding
surface plot for Ag/MgF2/Ag waveguide at the thickness of the dielectric layer d = 400 nm for λ = 633nm.
(a)

(b)

Fig. 3.10. (a) Change in modal index and (b) propagation length for LRSPP modes for Ag/MgF 2/Ag
waveguide caused by the increase in wavelength.
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In addition, we also characterize the wavelength dependence of the modal index and the propagation length
of the LRSPP mode in MDM waveguides. As shown in Fig. 3.10, the propagation length is enhanced for a
longer wavelength.

3.3

Asymmetric 3-Layer Plasmonic Slab Waveguides

In Section 3.2, we have characterized the guided modes of symmetric DMD and MDM plasmonic
waveguides, which are mainly for potential applications in optical communications systems. Surface
plasmonic waveguides have been employed in sensing technology for decades, where asymmetric plasmonic
waveguides are implemented for the excitation of the SPP mode. An asymmetric waveguide is composed of
metal bounded by two mediums with different permittivities where the SPP modes formed from two interfaces
are not identical, in comparison to symmetric DMD waveguides. This causes the uneven energy localization
in each layer that can be confined to a specific layer by adjusting the physical parameters of each material in
the waveguide, which can be exploited for sensing applications. The two standard asymmetric waveguides to
excite SPP modes at the metal-dielectric interface for biochemical and biomedical sensors are KretschmannRaether and Otto schemes [25-26], as shown in Fig. 3.11.(a) and (b).
(b)

(a)

Fig. 3.11. (a) Kretschmann-Raether configuration, and (b) Otto configuration.

3.3.1 Otto and Kretschmann Configurations
In the Otto configuration (see Fig. 3.11(b)), there is a low-index dielectric between the high-index prism and
metal layer. When the angle of incidence is greater than the critical angle, the evanescent field can penetrate
the dielectric layer (usually air gap). The idea behind this configuration is to couple the decaying evanescent
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field from the low-index dielectric gap with the SPPs at the dielectric/metal interface. To successfully excite
the SPP mode, the thickness of the low-index dielectric material must be limited to around a few hundred
nanometers, which is found very useful in studying the single-crystal metal surfaces [27-29]. However, in
practice, the fabrication of such a waveguide is tricky because it is very difficult to control the dielectric gap
thickness. This is one of the main reasons that Kretschmann-Raether configuration (see Fig. 3.11(a)), which
is often called Kretschmann configuration, is a preferred configuration in designing a plasmonic waveguide
for sensing applications. Kretschmann configuration employs a high-index prism with a thin metal layer,
usually a few tens of nanometers in thickness, deposited on the bottom of the prism. A dielectric layer, i.e.,
sensing medium, is added under the metal layer to form the three-layer asymmetric waveguide.

3.3.2 Applications for Conventional SPR sensors
SPR based sensors have gained attention for their unique feature of being a label-free and real-time detection
approach in the field of clinical diagnosis [30], drug discovery [31-32], food safety [33-34], and many other
biochemical research areas [35-36]. SPR based sensors were first reported in 1983 by Dr. Bo Liedberg's
research group. They used the physical phenomenon of SPR to detect the change in the refractive index of
organic materials when the organic material is exposed to different concentrations of gases [37]. A decade
later (1995), another study was presented by Nilsson et al., where they were able to successfully use SPR
based biosensors to monitor DNA manipulation such as hybridization kinetics, enzymatic modifications, and
DNA strand separation all in real-time [38]. Since SPR based sensors allow direct measurements without
requiring fluorescence or radioactive labeling [39-40] (that may impair the sample binding), they became the
framework for many biosensor applications, which has proven to be one of the most effective detection
techniques in the biomedical field [41]. They are preferred over conventional analytical methods to determine
the specificity, affinity, and kinetics parameters for molecule binding such as virus-protein [42-44], proteinDNA [45-46], receptor-drug [47-48] among many others.
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3.3.3 Operating Principle of Conventional SPR Sensors
The fundamental principle of SPR is based on the excitation of the SPP mode by coupling the incident light
to SPPs when a phase-matching condition is satisfied. When p-polarized light is incident into the prism, as
shown in Fig. 3.11, at a certain incident angle, the SPP mode at the interface of the metal and the dielectric
can be excited from the incident light if the propagation constant of the incident light in parallel to prism/metal
interface equal to the propagation constant of the SPP wave. The phase-matching condition can be represented
by:

k0 n p sin( ) =  ,

(3.16)

where k0 is the wavenumber in a vacuum, np is the refractive index of the prism, θ is the incident angle, and
β is the propagation constant of the SPP wave. The reflection spectrum of the SPR can be monitored by
varying the incident angle θ for a fixed wavelength of incident light where a reflection dip occurs when the
condition in Eq. (3.16) is satisfied. For Kretschmann and Otto Configurations, it has been conventionally
interpreted that the SPP mode is supported by a two-layer structure [14-20] with the propagation constant of
the surface plasmon wave given by:



 m d 

 m + d 

 = k0 Re 

(3.17)

where εm is the dielectric permittivity of the metal, and εd is the dielectric permittivity of the sensing medium.
However, both Kretschmann and Otto Configurations are three-layer asymmetric structures, the discrepancy
between the wavevector in Eq. (3.17) for a two-layer structure, and the one extracted from the SPR reflection
spectrum is expected, which is attributed to neglect the presence of the coupling layer prism. In the next
sections, we first discuss the SPR spectrum and then characterize the SPP mode in the asymmetric 3-layer
structure.
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3.3.4 SPR Reflection Spectrum
Generally, in the plasmonic waveguides for bio-chemical solution sensing, the low-index dielectric layer is
comprised of a chemical solution that is under interrogation. Any change in the solution causes the incident
angle of the light, also known as resonance angle, to be adjusted to satisfy the phase-matching condition. This
creates a minimum reflectivity of the reflected beam, which is seen as a resonance dip in the SPR reflection
intensity curve or called the ATR curve. The SPR reflection respect to the resonance angle can be calculated
by using the general N-layer model based on the Fresnel Equation. For three-layer planar waveguide, the
amplitude reflection coefficient (rp) could be obtained by:

rp =

( M 11 + M 12 q3 )q1 − ( M 21 + M 22 q3 )
,
( M 11 + M 12 q3 )q1 + ( M 21 + M 22 q3 )

(3.18)

with

 M 11
M
 21


M 12   cos  2
=
M 22  
 −iq2 sin  2

2 =

2 d 2



−i (sin  2 ) 
,
q2

cos  2 

 2 − n12 sin 2 1 ,

(3.19a)

(3.19b)

and

qn =

 n − n12 sin 2 1
n

(n = 1, 2,3),

(3.19c)

where λ is the operating wavelength and 1 is the incident angle at which the light enters the system. The
reflectivity (Rp) of the reflected beam can be written as:
2

Rp = rp .
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(3.20)

Fig. 3.12. Reflectivity as a function of incident angle for ZnSe/Ag/Water waveguide.

The shape and the location of the resonance dip in the SPR reflection intensity curve are used to convey
important information about the sensor surface and the change in the refractive index of the medium. As an
example, we characterize a conventional Kretschmann configuration based SPR index sensor at the operating
wavelength of 633 nm, where ZnSe is used as the coupling prism, Ag for the metal layer, and water as the
sensing medium to form an asymmetric 3-layer structure ZnSe/Ag/Water. The refractive indices of the
materials [ZnSe, Ag, Water] are respectively [2.5906, 0.0803 + 4.2347i, 1.332] at 633 nm. With using Eq.
(3.20), we calculate the reflectivity as a function of the incident angle for different Ag thickness and plot in
Fig. 3.12. There is an optimum Ag thickness dopt = 51.12 nm, where the resonance dip has zero reflectivity,
indicating the strongest excitation of the LRSPP mode at the incident angle of 32.82°. Note that for
conventional SPR-based sensor, dopt is chosen to obtain high sensitivity of the sensors. From Fig. 3.12, it can
also be seen that when d is away from dopt, the reflectivity increases, indicating weak mode coupling strength,
and for d < dopt, the resonance dip largely shifts to the right, and the linewidth of the spectrum becomes
broader, while for d > dopt, the resonance dip slightly shifts to the left with decreased linewidth. The shift of
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the resonance angle implies the change of the modal index of the coupled SPP mode. For example, the modal
index at optimum resonance can be found from Eq. (3.16) to be np sin = 1.40423. On the other hand, the
modal index of the SPP mode for single interface two-layer Ag/Water structure is 1.40313 by using Eq. (3.17).
A noticeable difference between the two results demonstrates that the conventional interpretation of the SPP
mode that is supported by a two-layer structure for Kretschmann Configurations is not strictly described. The
presence of the prism should be considered to explain the SPP resonance since both configurations are a threelayer waveguide system, which is discussed in the next section for Kretschmann configuration.

3.3.5 Characterization of Plasmonic Modes in Kretschmann Configuration

Fig. 3.13. (a) Real part and (b) imaginary part of the effective refractive index of the SPP mode as a
function of the thickness of the Ag layer for ZnSe/Ag/Water waveguide.
The setup of Kretschmann configuration in the last section is a three-layer asymmetric plasmonic waveguide
structure ZnSe/Ag/Water, where a thin film Ag layer is sandwiched by a high-index prism and low-index
sensing layer water. The indices are given in the last section, and the operating wavelength is 633 nm. By
using the dispersion relation in Eq (3.8), we numerically calculate the effective refractive index of the SPP
mode as a function of Ag thickness, as shown in Fig. 3.13. The modal index of the SPP mode (see Fig. 3.13(a))
decreases with increasing Ag thickness. For smaller Ag thickness, the modal index drops faster, while for
large thickness, it changes slowly until reaching the asymptote (n = 1.40313), i.e., the dashed line in Fig.
3.13(a), which is the modal index of the two-layer Ag/Water structure with the absence of the prism layer.
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Fig. 3.13(b) illustrates the imaginary part (i.e., reflecting the propagation loss) of the SPP mode increases
with the increase of Ag thickness d. When dopt = 51.12 nm, it approaches zero, which corresponds to the
strongest SPP mode resonance at the optimum thickness dopt, as indicated in the SPR curve in Fig. 3.12 with
zero reflectance. The behavior of the modal index change in Fig. 3.13(a) agrees with the movement of the
resonance dip of the SPR spectrum in Fig. 3.12. In Fig. 3.14 we display the modal index of the SPP mode
obtained from the SPR curve based on the Fresnel equation (in red color), which is compared with that
calculated from the dispersion eigenvalue equation (see the blue solid line). It is very clear that the modal
index at optimum thickness dopt = 51.12 nm obtained from the two methods are equal at 1.40423, and when
d is away from dopt, the difference of the two values appears. The dashed lines (in blue and pink) in Fig. 3.12
refers to the modal index for ZnSe/Ag/Water at dopt and Ag/Water waveguides, which clearly show the
difference of the modal index based on 3-layer and 2-layer structures. The results indicate the observed
resonance dip in the SPR spectrum is originated from the excitation of the SPP mode in the asymmetric 3layer waveguide by taking into account the presence of the prism.

Fig. 3.14. Calculated mode index by using the N-Layer model equation and the dispersion equation for
ZnSe/Ag/Water waveguide.
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(a)

(c)
(b)

Fig. 3.15. (a) Transverse magnetic field distribution, (b) electric field distribution and (c) cooresponding
surface plot for electric field for ZnSe/Ag/Water waveguide at dopt= 51.12 nm for λ = 633nm.
To further characterize the SPP mode supported in the asymmetric waveguide, field distributions are
investigated. Fig. 3.15(a) displays the magnetic field profile with fixed Ag thickness at the optimum thickness
of 52.12 nm. One can see that the field reaches maximum at the interface of Ag and water, and it decays to
both the sensing medium and metal layer. The magnetic field distribution in the prism shows unbounded
plane wave shape, because the modal index of the SPP mode is smaller than the prism index. Thus, the SPP
mode is a quasi-mode [49], showing great confinement at the interface of the metal and sensing medium
(Ag/Water), and yet radiative nature in the prism region. Fig. 3.15(b) shows the electric field profile and its
surface plot. At optimum metal thickness, the electric field at the interface of water is greatly enhanced while
the field amplitude in prism is substantially weakened, as can be visually seen from its surface plot in Fig.
3.15(c) that the optical power is mainly confined in the sensing regime. When the index of the sensing medium
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slightly varies, the power distribution in the sensing medium will change accordingly, resulting in the change
of the modal index of the SPP mode, consequently a shift of the SPR resonance dip, which is the fundamental
sensing principle of the conventional SPR-based sensors. The sensitivity of the conventional SPR sensors are
limited by the linewidth of the SPR spectrum. The smaller the linewidth of the resonance dip, the higher the
sensitivity of the sensors.

3.4

Asymmetric 4-Layer Plasmonic Slab Waveguides

The conventional SPR sensors constructed with three-layer asymmetric structures have a relatively broad
ATR spectrum, which leads to poor sensitivity [19-21]. To improve the performance of the conventional SPR
sensors, many efforts have been devoted to designing different plasmonic waveguide structures [50-55] by
adding more layers (such as dielectric, metal, or two-dimensional material layers) to obtain the ATR spectrum
with much narrow linewidth. Among these waveguide structures, four-layer asymmetric waveguide structures
[50-52] that enable to support a LRSPP mode have been recognized as a simple, effective approach to sharpen
the ATR curve of the long-range SPR (LRSPR). However, there is a lack of studies on the optimization of
the thickness of the inner two layers based on the analysis of the LRSPP mode. Therefore, it is very important
to investigate the LRSPP mode that is supported by the four-layer asymmetric plasmonic waveguide structure,
which enables us to optimize the geometrical parameters for understanding the origin of the optical resonance
and improving the sensitivity of the LRSPR based sensors.

Fig. 3.16. Four-layer asymmetric plasmonic waveguide configuration.
Fig. 3.16 illustrates the four-layer asymmetric plasmonic waveguide configuration. It is a modified
Kretschmann configuration by adding a low-index dielectric layer between the prism and the metal layer.
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The low-index dielectric layer has a thickness of d1 and a refractive index of n1. The metal layer has a thickness
of dm and permittivity of m. The sensing analyte has a refractive index of n2. In this geometry, the width of
the dielectric and metal layer is in the x-direction, where zero-point starts from the beginning of the dielectric
layer. The length of layers in the y-direction is set to infinity, so the fields have no y dependency. The SPP
mode that is supported at the metal-dielectric interfaces propagates along in the z-direction. The 4-layer
plasmonic waveguide only supports TM modes where the non-zero field components are Hy, Ex, and Ez.

3.4.1 Theory of Asymmetric 4-Layer Plasmonic Slab Waveguides
By assuming all fields with a time-harmonic form, the wave equations for H can be simplified to Helmholtz’s
equations, written as:

2 H y
y

2

− (  2 − k02  i ) H y = 0

(3.21)

where β is the propagation constant of the SPP mode, k0 = 2   is the wavenumber in a vacuum i = [p, 1, m,
2] refers to the four regions [prism, dielectric, metal, analyte] for the 4-layer asymmetric plasmonic
waveguide configuration. The general solution of the wave equation has the form H y e

i z

. The three non-zero

field components Hy, Ex, and Ez can be written as:
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(3.25a)

(3.25b)

where the wavenumber for each layer is expressed by

ki =

(

2

− k0 2 i )

i = [p, 1, m, 2]

(3.26)

By imposing the boundary conditions at the three interfaces, i.e., x = [0, dm, d1+dm], the dispersion relation is
obtained:

tanh(km d ) = − tanh( x + y )
where
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(3.27a)

tanh x =

 2 km
,
k2  m

(3.27b)

q
,
p

(3.27c)

tanh y =

p=

k p m
k1 m
sinh(k1 d1 ) +
cosh( k1 d1 ),
1 km
 p km

q = cosh( k1 d1 ) +

k p 1
k1 p

sinh( k1 d1 ).

(3.27d)

(3.27e)

Equation (3.27) is the general dispersion equation for 4-layer asymmetric plasmonic waveguides. It is worth
mentioning that when the thickness of the low-index dielectric materials d1 is set to be zero, the dispersion
equation reduces to the dispersion relation equation Eq. (3.8) for 3-layer asymmetric waveguides derived in
the previous section. This configuration has been employed for sensing applications to improve the
sensitivity, where the material of the low-index dielectric is chosen to have a refractive index close to that of
the sensing medium in order to support LRSPP modes.

3.4.2 Numerical Results and Discussions
In the following numerical calculation, the operating wavelength  is set to be 633 nm. To keep consistent
with the previous section, we use Magnesium Fluoride (MgF2) for the dielectric layer and water for the outer
layer analyte. Ag is used for the metal layer and Zinc Selenide (ZnSe) for the prism. The refractive indices of
ZnSe, MgF2, and water are [2.5906, 1.3770, 1.332], and the permittivity of Ag is [-17.926 + 0.68014i]. By
numerically solving Eq. (3.27), we can obtain the effective refractive index neff of the LRSPP mode to be a
complex number where the real part is the modal index.
Figures 3.17(a) and 3.17(b) show the real and imaginary part of the effective index of the LRSPP mode
versus the metal thickness for various dielectric MgF2 thickness, where the insert of Fig. 3.17(a) is the
schematic of the 4-layer asymmetric plasmonic waveguide. Six different MgF2 thicknesses d1 (0, 250, 500,
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800, 1000, 1200 nm) are examined. The curve in red color for d1 = 0 represents the 3-layer waveguide studied
in the last section. All lines in Fig. 3.17(a) intersects at larger metal thickness dm, and when d1 decreases, the
modal index decreases for the 4-layer configuration while it slightly increases for the 3-layer configuration.

Fig. 3.17. (a) Real and (b) imaginary part of the effective refractive index of the LRSPP mode as a function
of the thickness of the Ag layer for different MgF2 thicknesses.
Note that for different MgF2 thickness d1, there is an optimum metal thickness dmopt, i.e., the smallest thickness
dm for each curve in Fig. 3.17(a) with the imaginary value of the effective refractive index approaching zero,
as shown in Fig. 3.17(b), which are (51.12, 67.5, 50.5, 36.0, 31.2 nm) for fixed d1 at (0, 250, 500, 800, 1000
nm), respectively. As described in the last section for 3-layer asymmetric waveguides, when the metal
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thickness is set at dmopt, the SPP resonance dip reaches zero reflectivity at the ATR curves, which indicates
the strongest resonance and mode coupling strength. The optimum metal thickness dmopt decreases when
increasing MgF2 thickness. Note that further increasing MgF 2 thickness, the imaginary part cannot even
approach to zero, for example, when d1 = 1200 nm, the minimum imaginary part is 0.176×10 -3 at dm = 30 nm.
This implies weak mode coupling strength due to large dielectric thickness d1, anticipating the resonance dip
at ATR curves could not reach zero reflectivity.

(b)

(a)

Fig. 3.18. Transverse magnetic field distributions of the LRSPP mode for (a) d1 = 250 nm, and (b) d1 =
1000 nm at operating wavelength of 633 nm.
In Figs. 3.18(a) and 3.18(b), we plot the magnetic field distribution of the LRSPP mode supported by
the 4-layer ZnSe/MgF2/Ag/Water plasmonic waveguide for fixed d1 at 250 and 1000 nm with dm being set at
the optimum thickness of 67.5 and 31.2 nm, respectively. One can see that with adding the dielectric MgF2
layer, incident light incident from the prism couples to the asymmetric MgF2/Ag/Water waveguide to form
the LRSPP mode with asymmetric field distribution in dielectric regimes of MgF 2 and water due to the
difference of the refractive index of the two dielectrics. The magnetic field oscillates in the prism. The LRSPP
formed in the 4-layer asymmetric structure is also a quasi-mode, with excellent field confinement at the
regime of MgF2/Ag/Water and yet radiative nature in prism.
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(b)

(a)

Fig. 3.19. (a) Electric field profile in the x-direction of the LRSPP mode at d1 =250 nm and dm = 67.5 nm,
and (b) corresponding surface plot for electric field at λ = 633 nm.

(b)

(a)

Fig. 3.20. (a) Electric field profile in the x-direction of the LRSPP mode at d1 =1000 nm and dm = 31.2 nm,
and (b) corresponding surface plot for electric field at λ = 633 nm.
In Figs. 3.19 and Fig. 3.20, we plot the electric field profile of the LRSPP mode and the corresponding
surface plot respectively for fixed d1 at 250 and 1000 nm with dm being set at optimum thickness of 67.5 and
31.2 nm, respectively. The LRSPP mode is mainly confined in the area of MgF2/Ag/Water structure. The
field distribution is asymmetric due to unbalanced refractive index of MgF2 and Water. The amplitude of the
radiating wave in the prism is very small. With increasing d1, the maximum electric field in MgF2 increases,
and the penetrated field into the sensing medium is stronger.
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Fig. 3.21. Reflectivity as a function of incident angle for different d1.

Figure 3.21 displays the ATR curves for six different thickness (d1 = 0, 250, 500, 800, 1000, 1200 nm).
The metal thickness dm is chosen to be the optimum thickness dmopt for d1 ranging from 0 to 1000 nm, while
for d1 = 1200 nm, dm is set at 29.9 nm, having minimum value of the imaginary part of the effective refractive
index. As expected, zero reflectivity at resonance dip has been achieved for the five MgF2 thickness (d1 = 0,
250, 500, 800, 1000 nm), while the resonance dip is slightly off from zero-reflectivity for d1 = 1200 nm. Note
that at d1 = 0, the 4-layer waveguide above returns to the conventional 3-layer Kretschmann configuration.
One can clearly see that with increasing the thickness d1 of the coupling dielectric MgF2 layer, the linewidth
of the ATR spectrum significantly decreases; consequently, the sensitivity could be greatly enhanced for 4layer LRSPR-based sensors, in contrast to that for 3-layer conventional SPR sensors.
As discussed above, the thicknesses of the dielectric coupling layer d1 and the metal layer dm play an
important role in determining the position of the LRSPP resonance dip, and mode coupling strength. We
display the effective refractive index as a function of d1 in Fig. 3.22(a) and the ATR curves for d1 = (500, 700,
900 nm) in Fig. 3.22(b), where the metal thickness is fixed at dm = 50.5 nm. With increasing MgF2 thickness,
both modal index (solid line) and the imaginary part of neff (dashed line) increase. Note that the metal
thickness dm of 50.5 nm is the optimum thickness for d1 = 500 nm where the imaginary part of neff approaches
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zero, indicating the LRSPP resonance dip occurs at zero-reflectivity, as seen in Fig. 3.22(b). With increasing
d1, the reflectance increases due to weak mode coupling strength and also curves slightly move to a large
incident angle, which is reflected from the slightly increased modal index, as seen in Fig. 3.22(a).

(a)

(b)

Fig. 3.22. (a) Effective refractive index vs d1 and (b) Reflectivity vs incident angle for d1 = (500, 700, 900
nm) with fixed dm at 50.5 nm.

(a)

(b)

Fig. 3.23. (a) Effective refractive index vs d1 and (b) Reflectivity vs incident angle for d1 = (1000, 1200,
1400 nm) with fixed dm at 31.2 nm.
Figure 3.23 is plotted with fixed dm at 31.2 nm, in comparison with Fig. 3.23 for fixed dm = 50.5 nm. The
metal thickness of 31.2 nm is the optimum value for fixed d1 = 1000 nm, with a minimum imaginary part of
neff (see Fig. 3.23(a)), which indicates the LRSPP resonance dip occurs at zero-reflectivity, as seen in Fig.
3.23(b). The same trends are observed in Fig. 3.22 and Fig. 3.23. The linewidth of the ATR curve for dm at
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31.2 nm in Fig. 3.23(b) is much smaller than that for dm at 50.5 nm in Fig. 3.22(b), which is associated with
the imaginary part of the effective refractive index Imag(neff.). The smaller the Imag(neff), the narrow the
linewidth of the resonance dip.

Fig. 3.24. Reflectivity as a function of incident angles for different refractive index of sensing medium.
We further plot the ATR curves for different refractive index nw of the sensing medium in Fig. 3.24 with
setting d1 =500 nm and dm =50.5 nm. With the increase of nw, the resonance dip moves to a large incident
angle. Thus, by monitoring the angle movement of the reflectivity change, any change in the sensing medium
could be detected and determined.

3.5

Conclusion

We have theoretically studied the SPP modes in plasmonic slab waveguides, including 3-layer symmetric
DMD and MDM waveguides, 3-layer asymmetric Kretschmann configuration, and 4-layer asymmetric
plasmonic waveguides. The general dispersion equation for asymmetric 3-layer plasmonic waveguides is
derived. Numerical analyses have been performed to characterize the guided modes in 3-layer symmetric
DMD and MDM waveguides. There are two types of modes (LRSPP mode and SRSPP mode) could be
supported in the DMD and MDM waveguides. Due to the high propagation loss of the SRSPP mode, only
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LRSPP mode is considered and discussed. The simulation results show that the propagation length of the
LRSPP mode supported in DMD waveguides is much longer than that supported in MDM waveguides, while
the mode confinement in DMD waveguides is much weaker than that in MDM waveguides.
The SPP mode of asymmetric 3-layer plasmonic waveguides is investigated, with special attention paid
to their sensing applications. The observed resonance dip in the ATR spectrum for 3-layer Otto and
Kretschmann configurations is conventionally explained from the excitation of the SPP mode supported by a
single interface of the metal and sensing medium. Our numerical results on the modal analysis of the 3-layer
asymmetric structure and the ATR spectrum confirm that the resonance dip is originated from the SPP mode
supported by the 3-layer structure other than the 2-layer structure. Moreover, it is revealed that there is an
optimum metal thickness, at which zero-reflectance of the resonance dip occurs in the ATR curves when the
imaginary part of the effective refractive index of the supported SPP mode approaches zero.
For sensing applications, the resonance dip of the ATR curve with narrow linewidth is highly desirable
to improve the sensitivity of the sensors, which could be realized by adding one coupling dielectric layer to
form a 4-layer asymmetric structure. The dispersion equation is derived for characterizing the property of the
LRSPP mode supported in the 4-layer asymmetric plasmonic system. Our numerical results show that the
effective refractive index of the mode could be tailored by the thicknesses of the coupling layer and the metal
layer, which in turn determines the incident angle of the resonance dip and the resonance strength. For a fixed
thickness of the dielectric coupling layer, there is an optimum metal thickness when the imaginary part of the
effective index approaches to its minimum, indicating the strongest resonance dip with zero-reflectivity takes
place in the ATR spectrum. The results also show that with increasing the thickness of the coupling layer, the
linewidth of the resonance dip could be reduced, resulting in an enhanced sensitivity; however, there is a
maximum thickness for the coupling layer. Beyond the maximum coupling thickness, the resonance dip of
the ATR spectrum lifts up, due to the weak mode coupling strength.
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Chapter 4
Fano Resonance Based Highly Sensitive
Surface Plasmon Resonance Sensor in Near-Infrared
4.1

Introduction
Plasmonic technologies have been proven to be a promising pathway to realize high-performance

optical devices. Surface plasmon resonance (SPR) is a physical phenomenon taking advantage of the
excitation of the surface plasmon polariton (SPP) at the interface between dielectric and metal stimulated
by incident light when the momentum-matching condition is satisfied, i.e., the wave vector of an incident
light beam parallel to the interface is equal to that of the SPP mode. The SPPs are transverse magnetic
polarized waves induced by coherent oscillations of free electrons, which propagate along the interface of
the metal and dielectric with electric field exponentially decaying from the interface to both media. As the
effective refractive index of the SPP mode is highly sensitive to the change of the refractive index of the
surrounding medium attached to the metal surface, SPR has been widely recognized as a powerful optical
technology for sensing applications. Due to the unique features of rapid, real-time, noninvasive nature,
label-free, and level-free detection, SPR sensors have attracted intensive attention for applications in
biochemical and biomedical detections, environmental monitor, food inspection, etc.
In conventional SPR sensors, Otto [1] and Kretschmann [2] configurations are well-known schemes
to excite the SPP mode by using a prism to couple the incident light to asymmetric three-layer structures in
prism/dielectric/metal and prism/metal/dielectric, respectively. Angle interrogation method is commonly
used to probe the attenuated total reflection (ATR) from the prism, where the reflectance varies with the
incident angle, and the reflectance curve exhibits a sharp dip when the momentum-matching condition is
satisfied, indicating the excitation of the SPP mode. The incident angle at the resonance dip shifts when the
sensing medium index changes, which is the fundamental sensing principle. By means of detecting the shift
of the resonance incident angle or the reflectance change, induced by a tiny change of the refractive index
of the sensing medium, the performance of the SPR sensor could be evaluated. Obviously, the full width at
half maximum (FWHM) of the reflectance curve determines the sensing performance of the SPR sensors.
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Due to the relatively broad resonance dip in conventional SPR sensors [3-9], different approached have
been employed to improve the sensing resolutions, for example, by using bimetallic approaches [10-11],
guided-wave SPR [12-13] and long-range SPR (LRSPR) [14-16] based on long-range SPP (LRSPP) mode
[17-18]. By enhancing the surface electric field strength, the resonance curve with a much narrow FWHM
could be achieved, resulting in a significant enhancement in the sensitivity compared to the conventional
SPR sensors. Note that the mediated 2D nanomaterial layers, such as graphene and transitional metal
dichalcogenides, could enhance the performance of the SPR based sensors [19-20].
There have been continuous efforts to further improve the sensitivity of the SPR based sensors by
using a hybrid multilayer plasmonic platform formed by a combination of plasmonic and photonic structure
[21-22]. Wu et al. [21] and Li et al. [22] proposed hybrid 6-layer (including prism layer) configurations
composed of LRSPP mode (formed by symmetric dielectric/metal/dielectric structure) and dielectric
waveguide (DWG) mode; with suitably choosing the thickness of the coupling dielectric layer of the two
modes, strong mode coupling between the LRSPP and WG mode leads to two narrow resonance dips,
giving rise to ultrahigh sensitivity. With a 5-layer hybrid plasmonic platform, ultrahigh-resolution sensors
based on strong mode coupling between the conventional SPP mode and DWG mode have been presented
[23-28]. The conventional SPP mode (with relatively broad ATR spectra) and low-loss DWG mode serve
as broad and dark modes. Due to the interference of the two modes, Fano resonance and plasmonic-induced
transparency could be created. Unlike the conventional resonance with a symmetric Lorentzian lineshape,
Fano resonance exhibits an asymmetric line-shape with extremely narrow linewidth. Fano resonance was
first discovered by Ugo Fano in quantum mechanical systems [29] to describe the asymmetric line shapes
in atomic spectra arising from the interference between a discrete level or a narrow resonance and a
continuum state or a broad resonance. The similar asymmetric line shapes named as Fano resonance can
also be achieved in different systems, such as photonic crystals, [30], metamaterials [31] and plasmonic
nanostructures [32]. Recently, the research on Fano resonance has received extensive attention for various
applications [33-37] in developing optical switches, sensors, and filters with enhanced optical
performances. Alternatively, Fano resonance could be achieved in double waveguides with the help of 253

dimensional nanomaterials, such as graphene [38], and molybdenum disulfide (MoS2) [39] as an absorber
to generate a broad mode.
SPR-based sensors mentioned above are focused in the visible wavelength range with using noble
metal for plasmonic structures. The research progress on plasmonics applied in the infrared spectral region
is opening new opportunities [40-41] in infrared sources, detectors, switches, modulators, and sensors.
Recently SPR-based sensors operating in the infrared regime have attracted considerable interests due to
their potential applications in biomedicine, biochemistry, environmental monitoring, etc. The commonly
used noble metals, such as gold, silver, and aluminum, are not appropriate plasmonic conductors for the
infrared region due to dramatically increased optical loss in the infrared regime. Recently, research efforts
have been devoted to developing SPR-based infrared sensors using alternative materials. For example, fewlayer graphene with high doping levels is used to excite SPPs at mid-infrared wavelength 10.6 m, where
a planar graphene/dielectric multiplayer structure [42] is employed to realize Fano resonance. Alternatively,
polar dielectric crystals [43] have been used to support surface phonon polariton (SPhP) modes for
operating in mid-infrared regime with different configurations, including waveguide-coupled asymmetric
Otto configuration [44], and hybrid waveguide-coupled long-range surface phonon resonance (LRSPhR)
platform to produce Fano resonances at 10.8 m [45].
On the other hand, transparent conductive oxide (TCO) materials [46-48] have recently found
potential near- and mid-infrared plasmonic applications in chemical sensing, thermal imaging, heat
harvesting, and infrared detectors. In contrast to commonly adopted noble metals, TCOs could have
relatively high and adjustable charge carrier densities by using different approaches, such as heavily doping,
electrical gating, and inter- or intraband optical excitation, which makes them excellent gateway plasmonic
materials to extend SPR phenomenon from visible to infrared range. Ruan et al. [49] recently proposed a
LRSPR-based biosensor by using Ga-doped zinc oxide (GZO), which operates at 1550 nm. A waveguidecoupled Fano resonance enhanced SPR system [50] was proposed by Huang et al. with using indium tin
oxide (ITO) serving as the plasmonic material. Among TCOs, cadmium oxide (CdO) has high free charge
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mobility, which enables to have a narrow SPR spectrum. Dysprosium-doped CdO and fluorine-doped
cadmium oxide CdO were reported for conventional SPRs in the Kretschman configuration [51-52]. Yang
et al. [53] recently demonstrated optical polarization switching using high-mobility indium-doped CdO as
a perfect absorber. In this chapter, we propose to use indium-doped CdO as a plasmonic material for
designing ultrasensitive Fano resonance based SPR sensor system for near-infrared wavelength range.

4.2

Theoretical Model and Design consideration

Fig. 4.1. Multilayer hybrid LRSPR-WG based slab waveguide for sensing application.
The multilayer hybrid biosensor under consideration is schematically shown in Figure 4.1. It is composed
of six layers including the prism layer. The materials selected for each layer are Zinc Selenide (ZnSe) (layer
one), Teflon (layer two), Cadmium Oxide (CdO) (layer three), Teflon (layer four), and Silicon (Si) (layer
five), where the sixth layer is the sensing analyte. The physical thickness for layer two to layer five is
denoted by t1, dm, t2, t3, respectively. In the hybrid multilayer structure, when p-polarized light is incident
upon the prism with the momentum-matching condition being satisfied, it excites the LRSPP mode, which
is supported by the 4-layer asymmetric structure ZnSe/Teflon / CdO / Teflon layer. As the index of the Si
layer is much higher than its surrounding layers, the three-layer dielectric structure Teflon /Si/ Analyte
enables to support the dielectric WG (DWG) mode. With suitable choosing the thickness of the coupling
Teflon layer, the evanescent field of LRSPP mode at the coupling Teflon region penetrates to the adjacent
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DWG structure and excites the DWG mode with relatively narrow resonance spectrum. Due to the strong
field coupling between the two different types of modes, Fano resonance could be realized where the
LRSPP mode and DWG respectively serve as bright and dark mode, respectively. The excitation of the
coupled mode could be characterized by the reflected spectrum that shall exhibit a sharp dip within a broad
spectrum.

4.2.1 General N-layer model
To obtain the reflectance of the proposed hybrid multilayer structure, the general N-layer model [54-55]
was employed by using the transfer matrix method with N corresponding to the number of layers in the
waveguide. In our configuration, there are six layers, i.e., N = 6, which includes two outer layers (i =1 for
prism and i = 6 for analyte) and four inner layers. The individual transfer matrix for the inner four layers (i
= 2 to 5 for Teflon, CdO, Teflon, and Si layers) is given by:


cos i
Mi = 

 −iqi sin i

−i (sin i ) 
 (i = 2 to 5)
qi

cos i 

(4.1)

where

i =

2 di



 i − n12 sin 2 1 ,

(4.2)

and

 i − n12 sin 2 1
qi =
i

(i = 1 to 6).

(4.3)

εi and di are the corresponding permittivity and thickness of ith layer.  is the operating wavelength, n1 is
the refractive index of the prism, and 1 is the incident angle at which the p-polarized light enters the sensor
system. The characteristic transfer matrix M for the combined inner layers is written as:
N −1
M
M =  M i = M Teflon M CdO M Teflon M Si =  11
i=2
 M 21
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M12 
M 22 

(4.4)

The amplitude reflection coefficient rp can be expressed for p-polarized incident light as:

rp =

( M 11 + M 12 q6 )q1 − ( M 21 + M 22 q6 )
( M 11 + M 12 q6 )q1 + ( M 21 + M 22 q6 )

(4.5)

where q1 and q6 for the outer prism and analyte layer can be found from Eq. (4.3). Then, the reflectivity Rp
of the proposed multi-layer system for p-polarized light could be calculated by:
2

Rp = rp .

(4.6)

Then, from Eq. (4.6) the ATR curve, i.e., the reflectivity as a function of incident angle could be obtained.

4.2.2 Sensing Performance Parameters
To evaluate the performance of a SPR based sensor system, the most commonly used parameter is
sensitivity. In general, sensitivity is the measure of the changes in the output signals concerning the changes
in the input conditions. In the case of the SPR-based sensors, the sensitivity could be determined by angular
modulation [56-57] or by intensity modulation method [38,54]. Sensing by angular modulation is the
measure of the change in the resonance angle caused by the change in the refractive index of the sensing
medium. The angular sensitivity is given by:

 res
,
n → 0 n

S = lim

(4.7)

where n is the change in the refractive index of the sensing medium, and  res corresponds to the
change in the resonance angle where the reflectivity reaches a minimum when the momentum-matching
condition takes place, as shown in Fig. 4.2 for a conventional three-layer SPR sensor. As the index of the
sensing analyte varies, the effective refractive index of the plasmonic structure will change. As a result, the
resonance angle shifts. It is often used to evaluate the sensitivity of the SPR based sensing system that is
more susceptible to the resonance angle. At the meaning time, FWHM of the ATR reflection curve is
another important parameter to characterize the performance of the SPR based sensors. The sharp resonance
ATR curve has a small FWHM, resulting in a high detection resolutio
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Fig. 4.2. ATR reflection curve of a 3-layer SPR sensor formed by Prism(ZnSe)/CdO/Water with CdO
thickness d at 169 nm and the operating wavelength  at 1890 nm.
On the other hand, sensing by intensity modulation is the measure of the change in reflectance caused by
the change in the refractive index of the sensing medium. The intensity sensitivity is expressed by:

S Intensity ( ) = lim

n → 0

R
,
n

(4.8)

where n is the change in the refractive index of the sensing medium and R corresponds to the change
in the reflectivity for a given incident angle, as shown in Fig. 4.2. The intensity sensitivity curve vs. the
incident angle exhibits a positive peak and a negative peak, respectively, at both sides of the resonance
angle. As the magnitude of the positive peak is higher than that of the negative one, in general, the maximum
value of the intensity sensitivity is considered to be the sensitivity of the sensor system [45], which is often
referred as image sensitivity [19,58,59], peak sensitivity [21] or a figure of merit (FOM) [23,26,38] in
published papers. Furthermore, another characteristic that is used to evaluate the intensity of the resonance
is the quality factor (Q-factor). Q-factor is a measure of the sharpness and intensity of the resonance caused
by a change in a specific layer in the multilayer system, which is often used in Fano resonance. The Qfactor is defined as
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Q=


,


(4.9)

where  corresponds to the resonance angle of Fano resonance and  is the difference between the
reflection peak and the reflection dip. Although Q doesn’t correspond to the sensitivity of the plasmonic
sensors in any way, it helps to achieve a narrow resonance without losing signal sharpness [45].

4.2.3 Dielectric materials and its dispersion equation
As seen in Fig. 4.1, for the proposed biosensor, the selected dielectric materials are ZnSe for layer one as
the prism, Teflon for layer two and layer four, and Si for layer five. The wavelength-dependent refractive
index can be obtained by the standard Sellmeier equation with the first three terms being considered:

n 2 ( ) = A +

B3 2
B1 2
B2  2
+
+
,
 2 − C1  2 − C2  2 − C3

(4.10)

where n is the refractive index,  is the operational wavelength, Bi and Ci are the experimentally
derived Sellmeier coefficients [60-63], which are provided in Table 4.1.
Table 4.1. The experimentally derived Sellmeier coefficients for ZnSe, Teflon, and Si.

4.2.4 Transparent Conductor CdO
The material that we have used is a transparent conductor CdO [64] serving as the plasmonic material, with
the dielectric constant of the CdO defined by:

 p2
 =  −
,
 ( +  i )

59

(4.11)

with the plasma frequency  p give by:

p =

ne2
,
meff  0

(4.12)

where   is the high-frequency dielectric constant,  is the angular frequency of the light wave,  is the
damping degree, n is the electron density, e is the electron charge, meff is the effective mass of the
electron, and  0 is the vacuum absolute permittivity. The values of   ,  , n , e , meff , and  0 that used in
this work are 5.5, 2.92  1013 rad/s, 6  1026 m-3, 1.602  10−19 C, 1.823  10−31 kg, and 8.854  10−12
F/m, respectively [65]. By using Eqs. (4.11) - (4.12), we calculate the complex relative permittivity of CdO
and plot it in Fig. 4.3 as a function of wavelength. It can be seen that the real part of the permittivity varies
with wavelength, and for wavelength, larger (smaller) than 1510 nm, the real part of the permittivity is
negative (positive) with a relatively small value of the imaginary part, which makes it a functional material
to be able to support SPP (DWG) mode in the infrared regime. Moreover, the epsilon-near-zero wavelength
could be tuned by different approaches [51,53]. Due to these unique properties, CdO could serve as a
tunable plasmonic material for the development of innovative photonic devices operating in the infrared.

Fig. 4.3. The relative permittivity of Cadmium Oxide (CdO).
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Fig. 4.4. Reflectance as a function of the incident angle for gold, silver, and aluminum.

Note that from Fig. 4.3 with increasing the wavelength, both the magnitude of the real part  Real and
imaginary part  imag of the permittivity increases. The permittivity of the plasmonic material has a
significant impact on the performance of the SPR sensors. The enhanced evanescent field could be obtained
with a large value of  Real , giving rise to a sharp ATR curve. The imaginary component is a damping
factor, and a large  imag would broaden the ATR curve. Thus, a smaller permittivity component ratio

 imag  Real is highly desirable for improving sensitivity. As an example, we calculate the ATR spectra in
Fig. 4.4 for conventional Kretschmann configuration formded by a three-layer (prism/metal/water)
structure with commonly used noble metals gold, silver, and aluminum for comparison. The operating
wavelength is set at 633 nm. The refractive indexes of the prism and water used are 3.9156 [19] and 1.33.
The relative permittivities [66] of gold (Au), silver (Ag), and aluminum (Al) are [-13.0822 + 0.9977i], [17.9260 + 0.6801i] and [-34.2572 + 0.9105i], corresponding to the ratio of  imag  Real to be 0.0763, 0.0400
and 0.0266, respectively. The thickness of gold, silver, and aluminum are chosen to be 50nm, 51nm, and
41nm, respectively, with optimizing the minimum reflectance at zero for the SPP resonance angle. From
Fig. 4.4 one can clearly see the ATR curve for gold is very broad compared with that for silver. As expected
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with decreasing the ratio of  imag  Real , the ATR spectra are getting sharper. The permittivity component
ratio  imag  Real for Au, Ag, and Al for different wavelengths is also displayed in Fig. 4.5.

Fig. 4.5.  imag  Real as a function of the wavelength for gold, silver, and aluminum.

Fig. 4.6. Permittivity component ratio  imag  Real of cadmium oxide as a function of the wavelength.
To determine the optimized operating wavelength for the proposed sensor, we calculated the permittivity
component ratio  imag  Real of cadmium oxide in terms of wavelength, which is displayed in Fig. 4.6. One
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can see that from Fig. 4.6, with increasing wavelength, the permittivity component ratio decreases in the
near-infrared region with a minimum ratio at 2.66 m and slightly increases in the mid-infrared region. For
applications, considering the near-infrared Tm-doped laser source available on the market [67], the
optimized operating wavelength is chosen to be 1890 nm.

4.3

Numerical Results and Discussions
(a)

(b)

Fig. 4.7. (a) Effective refractive index of the 3-layer Teflon/Si/Water DWG structure, and (b) effective
refractive index of the 3-layer Teflon/CdO/Teflon plasmonic structure.
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As our proposed configuration in Fig. 4.1 is based on the Fano resonance, which comes from the mode
coupling of the DWG and LRSPP modes. We first begin with the investigation of the DWG mode and the
LRSPP mode that are respectively formed by 3-layer Teflon/Si/ Water and 3-layer Teflon/CdO/Teflon
structures, followed by the strategy of combining the two 3-layer structures to form a hybrid plasmonic
structure for Fano resonance.
For the 3-layer DWG system, water is used as the sensing medium where its refractive index is 1.31
at an operating wavelength of 1.89 m. Fig. 4.7(a) shows that the calculated modal index of the 3-layer
asymmetric Teflon/Si/Water DWG structure increases with increasing the thickness of the center highindex layer Si, which is expected. The calculated modal index of the symmetric 3-layer Teflon/CdO/Teflon
plasmonic structure is displayed in Fig. 4.7(b), where the CdO permittivity of -2.838 + 0.244i is used at
the operating wavelength. The modal index of the LRSPP mode spans from 1.3 to 1.46 for the range of the
CdO thickness from 20 nm to 140 nm. We set the thickness of Si and CdO at 55 nm and 50 nm respectively,
where both the modal indices of DWG mode and LRSPP mode are in the close vicinity of each other and
also slightly higher than the refractive index of the testing medium at 1.31 for effectively coupling the two
modes.

Fig. 4.8. The modal index of the 4-layer plasmonic structure and the minimum reflectivity for various
Teflon thicknesses at resonance angle.
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Next, on top of the 3-layer Teflon/CdO/Teflon plasmonic structure, we add the ZnSe prism layer to form a
4-layer plasmonic waveguide structure (see the schematic in Fig. 4.8) for the excitation of the LRSPP mode.
To find the optimum thickness of the Teflon layer t1, we calculate the modal index of the 4-layer plasmonic
waveguide and the minimum reflectivity of the ATR curve at resonance as a function of t1 at a fixed CdO
thickness at 50 nm, as shown in Fig. 4.8. The minimum reflectivity and the modal index of the 4-layer
plasmonic structure are obtained based on the dispersion equation in Eq. (3.27) and the general N-layer
model for N = 4, respectively. It is obvious that the optimum thickness of the Teflon layer t1 is around 2.18
m, where the minimum reflectivity at resonance reaches zero.

Fig. 4.9. Schematic diagram and the corresponding reflection spectra of (a) LRSPR, and (b) proposed
Fano resonance structure at λ =1.89 m.
By combining the 4-layer plasmonic waveguide and 3-layer DWG together, a six-layer CdO-based hybrid
waveguide-coupled plasmonic structure as shown in left Fig. 4.9(b) is proposed for ultrasensitive sensing.
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The corresponding reflection spectrum of the proposed configuration is displayed in the right Fig. 4.9(b),
with the thickness of different inner layers given in Table 4.2. The layer 4 (Teflon AF1300) serves as the
coupling layer, where the evanescent field excited from the SPP mode at the coupling layer could penetrate
into the DWG structure, giving rise to a sharp Fano resonance. The thickness of the coupling layer t2 is set
to be 6.50 m with zero reflectance at the Fano resonance while keeping the design sensitive to the change
of the refractive index of the sensing analyte. From the ATR curve in Fig. 4.9(b), one can clearly see the
Fano resonance with a distinctly asymmetric dip at point I as the dark mode on the left-wing of the relatively
broad dip at point II as the bright mode. The sharp resonance and broad resonance respectively occur at the
incident angle of 32.4406º and 32.5739º, attributed from the excitation of the DWG mode and LRSPP
mode, with a corresponding modal index of 1.3131 and 1.3179, respectively. For the purpose of
comparison, we plot the ATR curve in right Fig. 4.9(a) for the 4-layer plasmonic structure in left Fig. 4.9(a)
with the absence of the DWG layers, which clearly shows the excitation of the LRSPP mode only.
Table 4.2. Thicknesses of layer 2 to layer 5 for the proposed structure in Fig. 4.9(b).

In order to verify the mode coupling between the LRSPP and DWG modes and understand the origin of the
Fano resonance, we have plotted Fig. 4.10 to show the electric field distribution and the surface electric
field of the proposed hybrid multilayer structure based sensor at resonance point II in Fig. 4.10(a) & (b)
and at resonance point I in Fig. 4.10(c) & (d), respectively. The point II at resonance angle of 32.5739° in
Fig. 4.9(b) indicates the excitation of the LRSPP mode, which is verified from the strong electric field
distribution at both CdO/ Teflon interfaces as shown in Fig. 4.10(a) & (b), where the mode of the DWG is
almost suppressed, as seen in the inset of Fig. 4.10(a). For point I at resonance angle of 32.4406°, the
66

distribution of the electric field and its surface plot are displayed in Fig. 4.10(c) & (d). One can clearly see
the noticable field at both CdO/Teflon interfaces and strong field at the interfaces of Teflon/Si and
Si/Analyte, which confirms the field interference between the LRSPP mode and DWG mode, resulting in
a constructive field at interfaces of the DWG, which gives rise to a sharp asymmetric Fano lineshape.

Fig. 4.10. (a) – (b): Electric field distribution and the surface electric field at resonance point II;
(c) – (d): Electric field distribution and the surface electric field at resonance point I.
For comparison, the variations of reflectance and sensitivity are calculated with Eq. (4.8) for both LRSPRbased and the proposed Fano resonance based sensors, and are plotted in Fig. 4.11(a) and (b), respectively.
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For the 4-layer conventional LRSPR sensor with index variation of n = 10-4, the thicknesses of the Teflon
and CdO are 2 m and 50 nm, and the refractive indices of the Teflon and the sensing medium are 1.30 and
1.31. Fig. 4.11(a) shows the variation of the reflectance with changing the incident angle from 32.4º to 33º.
The resonance angle occurs at 32.7326º, and the maximum sensitivity obtained is 154 RIU-1.

Fig. 4.11. Variation of reflectance and sensitivity with the incident angle for (a) the 4-layer LRSPR based
sensor, and (b) the proposed 6-layer Fano resonance based sensor.
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With the thicknesses of the inner 4 layers set in Table 4.2, the ATR curve (blue solid line) for the proposed
6-layer Fano resonance based sensor is calculated and plotted in Fig. 4.10(b) with changing the incident
angle from 32.435º to 32.450º. The sharp asymmetric Fano resonance dip exhibits at 32.4406º (point A).
Assuming the variation of the sensing medium index n = 5×10-5, the Fano resonance moves to the right
with the resonance angle at 32.4415º (point B at dashed red line), resulting in a maximum sensitivity of
19904 RIU-1, which is significantly improved compared to conventional LRSPR-based sensors.

(b)

(c)
(a)
Figure 4.12. (a) ATR curves of Fano resonance for different thickness of the coupling Teflon layer (L4) at
t2 = 6m, 6.5m, 6.92m, and 7.5m; (b) Q factor and (c) FOM caused by increasing the thickness of the
coupling Teflon layer (L4).
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The influence of the thickness of the Teflon coupling layer (L4) is investigated where the thicknesses of
the other 3 inner layers keep the same. Figure 4.12(a) shows the reflectances as a function of the incident
angles at different coupling thickness t2 = 6m, 6.5m, 6.92m, and 7.5m. With increasing the coupling
layer thickness, the Fano asymmetric spectrum becomes sharper. For example, t2 = 6m, the Fano resonance
has a broader lineshape while t2 = 6.50 m, much narrower linewidth is obtained. However, further
increasing the coupling layer thickness, for example, t2 = 7.5m, the Fano resonance dip can not reach to
zero reflectivity, due to the weakened mode coupling strength between LRSPP mode and DWG mode Qfactor, defined in Eq. (4.9) as the ratio of resonance angle  to the angle difference  at the dip and peak
increases with increasing the thickness of the coupling layer, as shown in Fig. 4.12(b), which is expected
due to the reduced linewidth of the resonance spectrum. Please note that at a large coupling layer thickness,
a high Q-factor is not an indicator of high sensitivity because of weak coupling strength to support the
DWG mode, as can be seen from Fig. 4.12(c) for the dependence of the FOM (i.e., maximum of sensitivity)
to the thickness of the coupling layer. The optimum thickness of the coupling layer is around 6.5m, where
the FOM could reach as high as 19904 RIU-1. When t2 is greater than 6.5m, FOM is degraded.
Next, the effect of the thickness of the Si layer t3 on the Fano resonance is explored. Figure 4.13(a)
shows the ATR spectra for variation of t3 from 55 nm to 75 nm. When t3 is increased, the Fano resonance
dip shifts to the larger angles and approaches to the broad LRSPR resonance dip. At t3 = 70 nm, the distinct
Fano resonance dip disappears; instead, the ATR curve appears to have a symmetric line shape with a
transmission window at an incident angle of 32.5606º, which is called plasmon-induced transparency [68].
Further increasing t3, the Fano resonance dip appears again and shifts further to the right side of the LRSPR
broad dip. Given the DWG, when t3 increases, the modal index of the DWG mode will increases, which
leads to the movement of the Fano resonance dip to the larger angles. Figure 4.13(b) shows with an
increment of Si thickness, Q-factor decrease while in Fig. 4.13(c) indicates FOM could reach a maximum
value at t3 = 55 nm.
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Fig. 4.13. (a) The movement of the Fano resonance dip, (b) variation of Q-factor, and (c) FOM with Si
thickness increased from 55 nm to 75 nm.
For sensing applications, when the chemical or biological reactions take place in the sensing medium, the
refractive index of the sensing medium will change slightly. Figure 4.14(a) shows the angular reflectance
spectrum for respect to the refractive index of the sensing medium. The resonance dip shifts to large incident
angle with increasing the index of the sensing medium. FOM as high as 19904 RIU-1 could be achievable
with the refractive index of the sensing medium ranging from 1.310 to 1.3135.
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(a)

(b)

Fig. 4.14. (a) The movement of the Fano resonance dip, and (b) variation of FOM with respect to the
refractive index of the sensing medium.

4.4

Conclusions

In this chapter, Fano resonance is achieved in a proposed hybrid 6-layer structure by using transparent
conducting material CdO as a plasmonic material for sensing refractive index with ultrahigh sensitivity
operating in the near-infrared range. The Fano resonance is originated from the DWG mode (supported by
3-layer asymmetric Teflon/Si/Analyte structure) that is coupled from the LRSPP mode (supported by a 4-
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layer asymmetric ZnSe/Teflon/CdO/Teflon structure). In the ATR reflectance curve, the sharp asymmetric
Fano resonance lineshape results from the strong coupling between the DWG and LRSPP modes while the
broad resonance is attributed to the LRSPR, which has been verified by the electric field distribution of the
proposed sensors. The influences of the thickness of the inner layers are investigated, and the results show
that the thickness of the inner four layers, in particular, the coupling Teflon layer and the high-index Si
layer plays an important role in the formation of the Fano resonance, the incident angle of the Fano
resonance dip, and its line shape that determine the performance of the proposed sensors. With optimized
design parameters, FOM, i.e., maximum intensity sensitivity of 19,904 RIU-1 could be achieved in the Fano
resonance based scheme, which is 129-fold enhancement than that in conventional LRSPR based scheme.
The proposed CdO-based hybrid plasmonic structure provides an excellent platform in the near-infrared
sensing technology, which could find potential applications for biological detection, chemical reaction,
food safety, and environmental monitoring in the near-infrared region.
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Chapter 5 Conclusion and Future Work
5.1 Conclusion
In this thesis, we investigate the SPP modes of different types of plasmonic slab waveguides that are
used in SPR-based sensors and also proposed a new CdO-based waveguide-coupled plasmonic waveguide
for generating Fano resonance to achieve ultrahigh sensitivity in near-infrared.
In chapter 2, the essential principals and concepts of plasmonics, such as Drude model for the
dielectric constant metals, the dispersion equation of the SPP mode for a two-layer metal/dielectric
plasmonic structure, and the propagation constant are introduced, which assist in understanding the
characteristics of the SPP modes in multilayer plasmonic waveguides discussed in Chapter 3.
Chapter 3 begins with three-layer DMD and MDM plasmonic waveguides that support two types of
modes, i.e., LRSPP mode and SRSPP mode. Simulation results show that DMD (MDM) waveguides have
low (high) propagation loss but with weak (strong) mode confinement. The LRSPP mode has relatively
small modal index with low propagation loss in comparison with the SRSPP mode, which makes the LRSPP
mode in a DMD plasmonic waveguide suitable for refractive index sensing. Kretschmann configuration,
best known as a building block for SPR-based sensors, is a three-layer asymmetric DMD structure in the
form of prism/metal/Analyte, where the high-index prism is used for the excitation of the SPP mode. The
sensitivity of conventional SPR sensors (using Kretschmann configuration) could be significantly improved
by adding a low-index dielectric coupling layer to form a four-layer asymmetric structure allowing to excite
the LRSPP mode. In this chapter, we presented a thorough theoretical analysis of the plasmonic modes
supported by asymmetric three- and four-layer plasmonic slab waveguides, in accompanied with the
analysis of the optical resonance in the SPR-based sensors. The dispersion equations are derived in order
to numerically characterize the properties of the SPP modes. The SPP mode supported by the three-layer
(prism/Ag/water) Kretschmann configuration is a quasi-mode with radiative nature in the prism and
exponential decay in the sensing analyte. Our results reveal that the modal index decreases with the increase
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of the metal thickness, and there is an optimum metal thickness at the condition of the imaginary part of the
SPP effective index reaching minimum, where strongest optical resonance (i.e., zero reflectivity) takes
place in the ATR curves. The modal index at the optimum metal thickness for a three-layer structure is
distinctly large than that for a two-layer structure. This manifests that the optical resonance dip is originated
from the SPP mode that is supported by the three-layer structure where the influence of the prism has to be
taken into account. Similarly, the LRSPP mode supported by a four-layer (prism/MgF2/Ag/water)
asymmetric plasmonic waveguide is also a quasi-mode, oscillating in prism and exponentially decaying to
water. Our results show that the modal index increases with the increase of the metal thickness. For fixed
coupling layer (MgF2) thickness, there is an optimum metal thickness, aligned with strongest optical
resonance in the ATR spectrum, when the absolute imaginary part of the modal effective index approaches
to zero. With increasing the coupling layer thickness, the optimum metal thickness decreases and the
resonance dip becomes sharp, indicating improved sensitivity. However, there is a maximum coupling layer
thickness, and beyond that, weak coupling strength leads to an increased reflectivity at resonance dip of the
ATR curve.
In Chapter 4, we propose a six-layer waveguide-coupled plasmonic waveguide that is formed by the
prism/Teflon/CdO/Teflon/Si/Analyte structure for refractive index sensing, where CdO serves as a
plasmonic material for operating in near-infrared. The theoretical model and design considerations of the
proposed 6-layer hybrid sensor including the sensing performance parameters are presented. With suitably
choosing the thicknesses of the inner four layers, the sharp asymmetric Fano resonance line-shape could be
achieved from the mode coupling between the DWG mode supported by the Teflon/Si/Analyte structure
and LRSPP mode supported by the prism/Teflon/CdO-Teflon structure. The DWG and LRSPP mode
respectively serve as a dark and a bright mode, responsible for the sharp and broad resonance. Detailed
analysis of the initial optimization of the inner layer thickness is provided. Our numerical analysis results
show the thickness of the coupling Teflon layer (L4) contributes to the sharpness of Fano resonance
asymmetric spectrum, while that of the Si layer (L5) layer thickness t3 shifts the position of the Fano
resonance in the broad spectrum. When t3 is fixed at 70 nm, Fano Resonance dip disappears; instead, there
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is a transmission widow with a symmetric lineshape, known as plasmon-induced transparency (PIT), at an
incident angle of 32.5606º. A maximum intensity sensitivity of 19,904 RIU-1could be realized in the
proposed sensor design, which is 129-fold improvement than that in the four-layer LRSPR based scheme
(i.e., in the absent of Si and its adjacent Telfon layer). The proposed CdO-based 6-layer hybrid plasmonic
sensor could be a promising candidate for near-infrared sensing applications that requires high sensitivity.
The design optimization presented in this chapter could provide useful guidance in designing Fano
resonance SPR based sensors.

5.2 Future Work
Over the years, important research areas such as biomedicine and food safety have benefited from SPRbased sensor applications because of its real-time, label-free, and noninvasive nature. Thus, it is important
to understand and design effective plasmonic waveguides for sensing applications that could offer high
sensing performance. As for the future direction of the presented work, the theoretical analysis of SPP
modes supported in plasmonic waveguides can be extended to more complex multilayer plasmonic
structures. Most of plasmonic SPR based sensors use DMD structures with one metal layer included. Five
or six-layer hybrid plasmonic structures with including two metal layers or 2D materials (such as graphene,
MoS2) are also employed for resolution enhancement of plasmonic sensors by MDM structures. Thus,
studying the SPP modes of the five- and six-layer asymmetric plasmonic waveguide structures allows us to
deeply understand the roles of each inner layer in the configurations and provides design guidance for
further improving the performance of the sensors. Our theoretical work could also be used for analyzing
and improving the performance of the fiber-optic based SPR sensors where optical fiber could be employed
for coupling light to SP waves. Furthermore, different types of fibers (such as multimode fiber and twocore fiber) could be used for exciting multimode in fibers to couple light to SPs waves, which may be
designed to create sharp resonance for ultrasensitive sensing in fiber-optic structures. In addition, it will be
exciting to fabricate the proposed ultrasensitive plasmonic sensor in planar or fiber-optic structure in the
future.
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